Abstract-Planar meta-lenses, such as the v-antenna lens, are usually designed by varying two physical parameters of the vantenna (arm length and central angle spread) and identifying a collection of antennas to discretize a modulo 2π phase swing with high transmission amplitude. Translation of the v-antenna structure into a vertically oriented antenna in a 2-dimensional array increases the necessary design parameter space, bringing to bear additional polarization and configurational possibilities which do not exist in the planar version. This talk will outline this increase in parameter space and the challenges and opportunities it presents.
I. INTRODUCTION
As originally envisioned, the field of metamaterials concerned itself with the three-dimensional (3D) volumetric construction of artificial materials providing optical behaviors which could not be achieved using natural materials [1, 2] . In the microwave and radio frequency portions of the electromagnetic spectrum such 3D artificial materials are readily constructed using macroscopic materials. Attempts to translate these results into the infrared (IR) and optical portions of the spectrum faced many challenges, foremost of which is the challenge of creating 3D structures with micrometer and sub-micrometer physical dimensions. Thus, most of the optical frequency metamaterial research has focused on planar (2D) [3] or stacked-planar (2.5 D) structures [4, 5] .
With the advancement of the generalized theory of refraction [6] and the subsequent realization of planar metasurface-inspired lenses [7, 8] , the interest in planar metasurfaces has increased substantially. Recently, we developed a method, membrane projection lithography (MPL), for the manufacture of 2D arrays of micron-scale 3D unit cells containing 3D meta-atoms [9, 10] . Using MPL, unit cells with metallic and/or dielectric inclusions can be created in all three spatial directions, and makes fabrication of vertical structures straightforward. This ability forces an immediate departure from planar versions of standard meta-atoms [11] . At the same time, there is an opportunity to address some of the fundamental limitations of ultra-thin phase surfaces which plague planar meta-surface solutions [12] . The aim of this paper is to explore the impact that translation of canonical vantennas used for planar meta-surface lenses to vertically oriented structures has on the meta-lens design space.
II. V-ANTENNA LENSES

A. Planar Meta-surface Lenses
The majority of planar meta-surface lenses employ a Fresnel zone plate architecture where the plane containing the meta-lens is divided into concentric radial zones which impose a quadratic phase profile on the incident plane wave such that propagation to the far field results in focusing to a point. The goal is to identify a series of planar meta-atoms to discretize the 0 to 2π phase space, representing the required quadratic phase modulo 2π. The ideal collection of meta-atoms will have high transmission while simultaneously spanning the 0-2π phase increment. Typically, a base nano-antenna design is chosen, such as a v-antenna, and full-wave simulations are performed while varying two physical parameters of the metaatom, such as the arm length and central angle spread. Phase and amplitude maps are created, and a subset of meta-atoms is chosen to provide high transmission and the requisite phase increment.
B. 3D Meta-surface Lenses
The ability to rotate the antenna element in the vertical plane introduces several additional degrees of freedom which must be explored in order to find the optimal set of elements with which to discretize the 0-2π phase space. Not only can the arm lengths and arm central angle spread be varied, but the orientation of the v-antenna bisector can be rotated on the face of the vertical wall (Fig. 1) . The vertical position of the antenna on the face of the unit cell can also be varied. This expansion of the degrees of design freedom for even "simple" meta-atoms such as the v-antenna drastically increases the space which must be explored and understood to identify optimal discretization elements, and gain an intuition for the complicated process space. Optimizing over such a large parameter space will invariably require advanced optimization methods as well as efficient forward solvers to model each iteration of the solution. This talk will explore this parameter space and our efforts to design meta-surfaces using these 3D structures. 
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